Purpose: To perform a clinical assessment of quantitative three-dimensional (3D) dynamic contrast-enhanced ultrasound (DCE-US) feasibility and repeatability in patients with liver metastasis, and to evaluate the extent of quantitative perfusion parameter sampling errors in 2D compared to 3D DCE-US imaging. Materials and Methods: Twenty consecutive 3D DCE-US scans of liver metastases were performed in 11 patients (45% women; mean age, 54.5 years; range, 48-60 years; 55% men; mean age, 57.6 years; range, 47-68 years). Pairs of repeated disruption-replenishment and bolus DCE-US images were acquired to determine repeatability of parameters. Disruption-replenishment was carried out by infusing 0.9 mL of microbubbles (Definity; Latheus Medical Imaging) diluted in 35.1 mL of saline over 8 min. Bolus consisted of intravenous injection of 0.2 mL microbubbles. Volumes-of-interest (VOI) and regions-or-interest (ROI) were segmented by two different readers in images to extract 3D and 2D perfusion parameters, respectively. Disruptionreplenishment parameters were: relative blood volume (rBV), relative blood flow (rBF). Bolus parameters included: time-to-peak (TP), peak enhancement (PE), area-under-the-curve (AUC), and mean-transit-time (MTT). Results: Clinical feasibility and repeatability of 3D DCE-US using both the destructionreplenishment and bolus technique was demonstrated. The repeatability of 3D measurements between pairs of repeated acquisitions was assessed with the concordance correlation coefficient (CCC), and found to be excellent for all parameters (CCC > 0.80), except for the TP (0.74) and MTT (0.30) parameters. The CCC between readers was found to be excellent (CCC > 0.80) for all parameters except for TP (0.71) and MTT (0.52). There was a large Coefficient of Variation (COV) in intra-tumor measurements for 2D parameters (0.18-0.52). Same-tumor measurements made in 3D were significantly different (P = 0.001) than measurements made in 2D; a percent difference of up to 86% was observed between measurements made in 2D compared to 3D in the same tumor. Conclusions: 3D DCE-US imaging of liver metastases with a matrix array transducer is feasible and repeatable in the clinic. Results support 3D instead of 2D DCE US imaging to minimize sampling errors due to tumor heterogeneity.
Introduction
In cancer patients undergoing chemotherapy or radiation, the current clinical standard of treatment assessment relies on changes in tumor diameter measured from anatomical images, classified according to the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 (1) . However, tumor size changes can take months to manifest. Early identification of patients who are not responding to therapy would spare them from the high morbidity and costs associated with treatments, while enabling oncologists to tailor therapeutic regimens to maximize tumor response.
Functional and molecular imaging techniques, such as dynamic contrast-enhanced Magnetic Resonance Imaging (MRI), perfusion Computed Tomography (CT), and Positron Emission Tomography (PET) are being explored to assess functional or molecular therapy-induced changes of the tumor, or to assess imaging features on baseline studies that may predict response to treatment (2) . While many of these techniques are promising, radiation exposure from multiple exams (CT/PET), restrictions on the use of contrast in patients with renal insufficiency (MRI/CT), limited access (MRI/PET), high cost (MRI/PET), and inability to scan at the bedside of sick patients are disadvantageous.
Ultrasound (US) is widely available, inexpensive, portable and without ionizing radiation, making it a potentially ideal tool for longitudinal imaging applications such as treatment monitoring. Ultrasound contrast agents (microbubbles) are highly echogenic, micron-sized gas bubbles, stabilized by a shell made from biodegradable materials (3) (4) (5) . These can be used in patients with renal insufficiency and have significantly expanded the diagnostic potential of US for characterizing pathologies (6) . In organs that are well visualized with US such as the liver, repeated imaging with dynamic contrast-enhanced (DCE) US for early treatment response assessment is practical and could become a complementary functional technique to current anatomical imaging of target lesions in the liver.
Several recent studies have investigated DCE-US in cancer treatment monitoring applications but were limited by the use of conventional two-dimensional (2D) US (7) (8) (9) (10) (11) (12) (13) (14) (15) . Tumors are highly heterogeneous and prone to 2D sampling errors due to plane-to-plane perfusion variation (16) . Consequently, imaging the exact same plane in longitudinal clinical applications is challenging and can yield biased quantitative results. The use of newly available three-dimensional (3D) DCE-US imaging techniques have been proposed to overcome sampling errors in tumors by imaging the tumor as a whole (14, (17) (18) (19) . Ultimately, in the context of treatment monitoring, the use of 3D overcomes the difficulties of locating the same imaging plane in longitudinal applications by instantaneously capturing volumetric images, thus, eliminating sampling errors that arise in 2D due to tumor heterogeneities. The recent introduction of contrast-mode in matrix transducers that allow capturing volumetric tissue perfusion images have further potentiated 3D DCE-US. Multiple technical characteristics of these matrix transducers, such as the temporal and axial/lateral resolutions, are still lagging conventional 2D contrast-mode imaging systems. While technical limitations may hinder the use of 3D DCE-US to characterize complexities of vascular networks, particularly in tumors, this remains an active area of research and innovation. In line with this, pre-clinical studies have already demonstrated that 3D DCE-US allows reliable assessment of early treatment response and prediction of response after anti-angiogenic therapy in human colon cancer xenograft models in mice (17, (19) (20) (21) (22) . Several recent studies have examined the role of non-dynamic 3D contrast images for various clinical applications, including cancer imaging and management (23) (24) (25) (26) (27) (28) (29) (30) (31) . However, these have thus far been limited to characterizing visual features of differently perfused regions (i.e. size of non-perfused region in tumor corresponding to necrosis) in snapshot volumes obtained at roughly the peak contrast-intensity volume following of a bolus injection, as opposed to quantitative perfusion characterization using dynamic imaging conventionally done in 2D DCE-US (32) (33) (34) (35) . To that end, the use of 3D DCE-US quantitative imaging using perfusion models to extract blood flow and volume-related parameters has not been translated to patient imaging yet (9, 14) .
The purpose of this study was to perform a clinical assessment of quantitative 3D DCE-US feasibility and repeatability using a matrix transducer in patients with liver metastasis, and to evaluate the extent of quantitative perfusion parameter sampling errors in 2D versus 3D DCE-US imaging.
Methods and Materials

Patient Inclusion
This HIPPA compliant prospective study was approved by the Institutional Review Board of our institution and written consent was obtained from all participating patients. This study was designed to assess feasibility and repeatability of quantitative 3D DCE-US. For this purpose, 11 adults were recruited for this clinical trial. A total 20 3D DCE-US scans were prospectively obtained from the 11 patients, seven of whom had multiple scans. Inclusion criteria were: provide written consent, willing to comply with protocol, at least 18 years of age or older, and at least one liver metastasis confirmed with MRI/CT with a diameter ranging from 1-14 cm. A clinical oncologist referred each patient after introducing the study to the patient. Patients were included irrespective of previous treatments. Exclusion criteria were: documented anaphylactic or other severe reaction to any contrast media; pregnant or lactating patients; and patients with cardiac shunts or presence of severe pulmonary hypertension. Exclusions are based on contraindication for ultrasound contrast agent. No patient was excluded due to the exclusion criteria. Of the 11 patients, 4 were scanned once, 5 patients were scanned twice on separate days and 2 patients were scanned three times on separate days for a total of 20 separate scan sessions. Five patients were women with a mean age, 54.5 years; range, 48 -60 years; 6 patients were men with a mean age, 57.6 years; range, 47 -68 years. Included patients had liver metastases originating from the following primary tumors: rectal adenocarcinoma (n=2); pancreatic adenocarcinoma (n=1); pancreatic neuroendocrine tumor (n=4); and colonic adenocarcinoma (n=4).
Dynamic Contrast-Enhanced Ultrasound Imaging and Contrast Agent Administration Protocol
Clinical contrast microbubbles (Definity; Latheus Medical Imaging, North Billerica, MA; FDA-approved for echocardiography and administered off-label for liver imaging in this study) were used. These microbubbles are perfluorobutane lipid microspheres with a mean diameter of 1.8 µm (range, 1-10 µm) (36) . Two different DCE-US methods were used to administer the contrast, each resulting in different quantified perfusion parameters obtained from the dynamic signal intensities in volumetric image sequences ( Figure 1A ). The first technique (henceforth, destruction-replenishment DCE-US) uses short high-power ultrasound pulses (disruptions; within diagnostic range) to momentarily burst microbubbles flowing at steady state. A time-intensity curve (TIC) of the replenishment of microbubbles within a region or volume of interest is then used to extract quantitative parameters related to blood flow or volume using a fitted model ( Figure 1B and 2) (9) . The advantages of disruption-replenishment is obviating the need to estimate the indicator input function, thus resulting in more quantitative perfusion parameters (37) . No MRI/CT equivalent exits for this technique.
The second technique (henceforth, bolus DCE-US) is based on intravenous injection of a bolus, subsequently allowing visualization of the temporal behavior of the contrast-induced signal in a similar fashion to DCE-MRI/CT (9) . Generally, bolus-based parameters are described as semi-quantitative due to the lack of an input function (10, 14, 38) .
Destruction-replenishment DCE-US: Patients were infused for up to 3 min with a solution of 0.9 ml of the contrast agent mixed in 35.1 ml of saline at a constant rate of 0.08 ml/s (15) using a syringe pump (Medfusion 3500; Smiths Medical, Dublin Ohio) to reach steady state. Two disruption-replenishment sequences to assess repeatability (R1 and R2) were applied 2.5 minutes apart with the contrast agent continuously infused. For each disruption ('flash') event, 3 high-MI (flash MI of 0.77) temporal 3D frames were applied to the entire image volume, lasting for 2-3 seconds in total.
Bolus DCE-US: Bolus DCE-US acquisition was carried out ~ 10 minutes after termination of the disruption-replenishment DCE-US infusion during the same imaging session. Two bolus 3D DCE-US data sets to assess repeatability (B1 and B2) were acquired 5 minutes apart. For this purpose, a 0.2 ml bolus of the non-diluted contrast agent was administered intravenously by placing the contrast in the dead-volume of the catheter-line, and using a syringe pump to push the contrast agent into the circulation at a constant infusion rate of 0.06 ml/s, followed by a 5 ml saline chaser administered at the same rate.
During the replenishment time of destruction-replenishment DCE-US, and during the bolus phase of bolus DCE-US imaging, all patients were asked to either hold their breath for up to 30 seconds or to breathe shallow if patient was unable to hold their breath, to minimize motion artifacts. Figure  1A shows the workflow for each patient imaging session. In the initial scan sessions, only one of two acquisition methods was used to ensure that our methods are consistent and optimal before extending scan sessions to the 2 acquisition methods. In the first 4 scan sessions, only bolus DCE-US imaging was carried out; in scan sessions 5-9, only the disruption-replenishment DCE-US imaging was carried out.
System and Acquisition Parameters
All 3D DCE-US imaging exams were carried out using a clinical EPIQ7 ultrasound system coupled to a clinical X6-1 transducer (Philips Healthcare, Andover, MA). The X6-1 2D matrix transducer has 9212 elements that steer the US beam in real-time using a micro-beam former located in the transducer head with a footprint (and aperture) of 40 mm by 20 mm in the azimuth and elevation directions, respectively, and enables up to 90 o by 90 0 wide volumes. It is designed for abdominal applications, with a frequency range of 1-6 MHz and a center frequency of 3.2 MHz (39). Using a standard calibration phantom, we estimated the transducer lateral elevation (sagittal), lateral azimuth (transverse), and axial resolutions in 3D imaging mode to range 1-3 mm, 2-4 mm and 0.5-2 mm, respectively, depending on the focus location. Imaging within 6 cm of the transducer head resulted in a better resolution than imaging within the 6-12 cm depth range where most of the lesions were.
All contrast data was acquired in volumetric (3D) contrast-specific imaging using power modulation with a low mechanical index (MI = 0.09) to allow non-destructive visualization of microbubbles. Disruption-replenishment used 3 flash volumes with an MI of 0.77.
All imaging parameters were maintained constant between all patients (Table 1) , with the exception of the depth of the image and the focal zone, which were adjusted on a patient-per-patient basis to optimize lesion visualization. One radiologist or one sonographer with 6 and 13 years of ultrasound imaging experience, respectively, performed all ultrasound imaging. Liver lesions were first located in B-mode. The transducer was placed to position the metastasis as close to the center of the 3D image volume as possible using the sagittal, coronal or transverse plane views for guidance, and held steady throughout the whole examination. All data were streamed via local area network (LAN) connected via Ethernet ports and stored onto the accompanying workstation computer in the manufacturer's compressed "native" format. Data acquisition via LAN was used to overcome cine acquisition length limitations on the EPIQ7 system, which is currently limited to 10 seconds in 3D/4D mode. Each imaging session lasted approximately 40-60 minutes ( Figure  1A ).
Quantification of 3D Dynamic ContrastEnhanced Ultrasound Parameters and Generation of 2D Imaging Data
Image analysis of 3D DCE-US was carried-out independently by two readers in random order using previously described techniques developed in MevisLab (MevisLab, Germany) and MATLAB (Mathworks, MA, USA) (17, 40, 41) . A volume-of-interest (VOI) was delineated in MevisLab by covering the entire liver lesion volume viewed on axial, sagittal, and coronal imaging planes. This VOI was subsequently used to generate TICs for the quantification of perfusion as described below ( Figure  2A -B). To assess the extent of quantitative parameter variations in 2D slices within 3D volumes, an analysis of four 2D ROIs evenly spread over the center region of the lesion VOI were retrospectively extracted and analyzed independently as 2D cross-sections ( Figure  2C ).
In addition, a comparison between quantitative measurements obtained from the VOI and an associated single center 2D ROI at the largest lesion diameter, as would be acquired with a conventional 2D transducer, was carried out. Single 2D slices obtained from the X6-1 matrix transducer have a thinner slice thickness along the elevation in comparison to conventional abdominal curved transducers (sub-millimeter; 32,33). In order to simulate a conventional 2D transducer elevation thickness (i.e. 2-4 mm), we compounded 3 consecutive 2D ROIs in the center of the lesion volume and averaged the intensity from all voxels present in the ROI across all three slices, resulting in a thicker 2D ROI slice thick ( Figure 2C ) (10, 17, 39) .
Post-processing and analysis steps for DCE-US following VOI or ROI selection consisted of the following steps: (1) examination of data quality, and when necessary, discarding frames with excessive motion; (2) linearization of the US image voxel intensities in contrast-mode images using a transformation function and a decompression parameter provided by the equipment manufacturer (43); (3) extraction of TIC from the average voxel intensities in the VOI/ROI; (4) standardized monoexponential or lognormal model fitting to VOI or ROI average intensity (TIC) using standard quantitative models in Matlab (9,44). The analysis software permitted the selection of VOIs and independent ROIs around the lesion, and the application of dynamic enhancement models that could not otherwise be applied in 3D by using commercial software ( Figure 2D ). For bolus DCE-US, TICs were extracted for a minimum of 1.5 min following the start of contrast arrival. Lognormal curve fitting, was performed using a standard MATLAB fitting routine for the following equation:
where I(t) is the signal intensity at time t, the variables µ and σ are the mean and standard deviation of the normal distribution of the logarithm of the independent variable t, respectively, and AUC is the area-under the curve of the fit distribution. I 0 is the baseline intensity and t 0 is the time at which the contrast enters the VOI/ROI. From this, we can obtain the mean transit time (MTT) of the contrast, the time to peak (TP) and the peak enhancement (PE) (9):
Similarly, mono-exponential curve fitting was performed with from the first frame after the disruption event for a minimum of 1.5 min for destruction-replenishment DCE-US using:
where A is the relative blood volume (rBV) and B is the regional mean flow velocity. From these, one can compute the relative blood flow (rBF) as (44):
The rBV, PE, and AUC are proportional to blood volume while the rBF, TP, and MTT are proportional to blood flow. An attempt was made to select the same VOIs and/or center ROIs between the repeated pairs of bolus and replenishment data sets for each scan session by having both images open on dual monitors for anatomical referencing and manual registration by careful visual examination. 
Statistical Analysis
To validate that the contrast-signals are equivalent (i.e. that microbubbles have cleared) pre-contrast injection between the infusion and bolus 1 baselines, as well as between bolus 1 and bolus 2 baselines, equivalence tests with a margin of +/-20% were carried-out for each patient using version 0.7.2 of the "equivalence" package in R 3.3.1 (r-project.org).
To determine agreement (repeatability) between measurement occasions in pairs of repeated acquisition within a reader, and between readers within measurement occasions (inter-observer agreement), from both the disruption-replenishment and bolus DCE-US data sets, pairs of log-transformed measurements were assessed by the concordance correlation coefficient (CCC). Log-transformation was applied to make the data normally distributed for standard statistical analysis. The 95% confidence intervals (CI) was also calculated for each CCC. CCC of 0-0.20 indicated no agreement; CCC of 0.21-0.40, poor agreement; CCC of 0.41-0.60, moderate agreement; CCC of 0.61-0.80, good agreement; and CCC greater than 0.80, excellent agreement (45) . This study was designed as an initial, repeatability-assessment pilot study part of a larger study to determine if 3D DCE-US can be used to monitor treatment response in patients with liver metastasis. The study was a necessary prerequisite to demonstrate feasibility and repeatability of quantified parameters before moving forward with the larger longitudinal treatment assessment study. It was determined that a sample size of eleven subjects have 90% power at one-sided 5% error to detect a CCC as high as 0.80.
To show slice-to-slice variability in retrospective 2D analysis, the coefficient of variation (COV) was calculated as the ratio between the standard deviation and the mean value of imaging signals from all four evenly separated consecutive 2D ROIs obtained from the 3D VOI for each tumor. An average percent difference with standard error was also computed between the 3D and 2D measurements from the central plane, as well as the smallest (min) and the largest (max) measurement amongst all four ROIs across the tumor. The extent of possible error was investigated if mismatched 2D planes were selected in repeated pairs of imaging to simulate sampling errors that could arise in longitudinal imaging. This was carried out by computing the percent difference for the 16 possible permutations (i.e. 4 for bolus 1 and 4 for bolus 2) resulting from four paired 2D planes in repeated pairs of images. Results are summarized as percent difference median and 95% discrepancy range for each parameter. The percent difference between center slice 2D measurements and 3D volume measurements was computed; differences were tested for statistical significance using a paired Wilcoxon test in order to assess whether 2D measurements match 3D measurements. All statistical analyses were performed using Stata Release 14.1 (StataCorp LP, College Station, TX), or as indicated. Statistical significance was fulfilled at P < 0.05.
Results
Feasibility of 3D DCE-US in Patients with Liver Metastasis
Both disruption-replenishment and bolus contrast administration and acquisitions within the same scan session were well tolerated by all patients without any change in clinical symptoms. Multiple representative 2D Bmode images from a liver lesion 3D volume along with associated contrast images at different time points following bolus (16 and 45 sec.) are shown in figure 1B . A 3D maximum intensity projection of the contrast signal during the wash in is shown in supplementary figure 1. For each patient, the baseline image intensities within the VOI (pre-contrast-injection) between the infusion and bolus 1, as well as between bolus 1 and bolus 2, were equivalent (all p-values < 0.025).
Repeatability of 3D DCE-US Parameters
Overall, there was good to excellent repeatability for all 3D DCE-US parameters between acquisition pairs and between two different readers: 
Intra-Tumor Variations in 2D DCE-US Parameters
Large intra-volume variations in perfusion parameters measured from four 2D ROIs within the center of each VOI were observed for individual disruption-replenishment and bolus parameters, across most scan sessions (Figure 3) . The rBV, rBF, PE, AUC and MTT, parameters obtained from the four 2D imaging planes showed substantial spatial heterogeneity of tumor perfusion shown as high COV values (Figure 3 and 5) . The disruption-replenishment DCE-US parameters rBV and rBF had COV of 0.43 (0.35, 0.51) and 0.52 (0.41, 0.62), respectively. The bolus DCE-US parameters PE, AUC, TP and MTT had a COV of 0.38 (0.28, 0.49), 0.38 (0.29, 0.47), 0.18 (0.14, 0.22) and 0.30 (0.22, 0.38), respectively. The percent differences between 3D measurement and the smallest (min) or largest (max) measurement from the four 2D measurements in the same volume were also high for both DCE-US imaging methods (Figure 4 and 6). Disruption-replenishment parameters differed by up to 89%, while bolus parameters differed by as much as 91%. The median and 95% discrepancies of percent difference distributions from all permutations of the four 2D planes selected over repeated pairs of imaging were overall large: rBV -15% (-95%, 500%); rBF 13% (-86%, 814%); PE 16% (-70%, 487%); AUC -8% (-74%, 584%); TP -4% (-52%, 79%); MTT -15% (-87%, 351%).
Differences between 2D and 3D DCE-US Parameters
Overall, 2D measurements were significantly different (P = 0.001) from 3D measurements and, thus, not representative of volumetric perfusion parameters. Specifically, there was a mismatch between 2D compared to 3D imaging for the rBV (P = 0.004); rBF (P = 0.09); PE (P < 0.001), AUC (P < 0.001), TP (P = 0.016); and MTT (P = 0.05).
Scan session-specific percent differences between 2D and 3D DCE-US parameters are shown in Figure 4 High percent differences between 3D and corresponding 2D measurements were observed for all parameters from both disruption-replenishment and bolus DCE-US, ranging between 55.24±8.24% (TP) to 86.17±8.42% (rBV) (Figure 4 and 6 ).
Discussion
Our results suggest good clinical feasibility and repeatability of quantitative 3D DCE-US perfusion parameters from both the destruction-replenishment and bolus DCE-US techniques. Quantified DCE-US parameters from 3D data sets were highly repeatable with a CCC > 0.80, except for the TP and MTT parameters. Our study also confirmed large intra-volume heterogeneities in quantitative perfusion parameters, and that measurement from a single center 2D plane is not representative of those obtained in 3D.
DCE-US has received notable attention in recent years for clinical indications such as early response assessment in cancer patients undergoing anti-angiogenic treatment due to its inherent advantages over other imaging modalities that could diminish healthcare costs and increase treatment efficacy. A study of 42 patients with hepatocellular carcinoma (HCC) reported decreases in lesion perfusion within 3 days of receiving the anti-angiogenic agent Bevacizumab using bolus DCE-US, and suggested good correlation between tumor response (assessed via progression free and overall survival) and the TP and AUC quantitative parameters (46) . Similarly, another study found that the ratio of bolus DCE-US parameters obtained at baseline and 15 days following the start of Sunitinib treatment in patients with metastatic renal carcinoma were correlated with treatment response, and that the TP parameter was significantly associated with disease-free survival and overall survival (47) . More recently, a twenty-patient study reported promising results on the use of 2D DCE-US in assessing early HCC response to yet another anti-angiogenic agent Axitinib, but concluded that a larger trial is needed to fully assess the potential of this modality for treatment monitoring (48) . In contrast, a study in 17 patients with metastatic renal cell carcinoma treated with Sunitinib suggested poor correlation of bolus and disruption-replenishment DCE-US parameters with progression free survival, and concluded that DCE-US parameters for both acquisition techniques could not be used to predict long-term assessment of best response by using RECIST (15) . The study also found that the replenishment curve at different 2D planes varied extensively when imaging with 2D disruption-replenishment DCE-US with COVs of up to 41% in quantified parameters, in line with COVs found in our current study. These variations in those 17 patients with renal cell carcinoma were hypothesized to be a reason for the lack of correlation between bolus and disruption-replenishment DCE-US parameters and treatment response in that study. A recent preclinical study using 14 subcutaneous breast cancer tumors in mice provided supporting evidence that small deviations (mm) in transducer position results in quantitative errors of up to 40.3% (49) . This was further supported by another study reporting on large plane-to-plane variations of parametric perfusion maps of up to 22% in healthy rat kidneys (50) . Attempts to measure the contrast intensity over multiple 2D regions of interest (ROIs) from reconstructed breast lesion volumes obtained with a mechanically swept transducer found a significantly different PE in the central core vs. periphery of benign breast lesions (1.71 ± 0.96 vs. 1.13 ± 0.79 dB, respectively). However, malignant breast lesions were found to be more homogeneously perfused in 3D (1.66 ± 1.39 central vs. 1.24 ± 1.14 dB periphery), thus suggesting that either different tumors (i.e. benign vs. malignant) will be more prone to sampling errors in longitudinal imaging applications, or that the slice thickness of mechanically swept linear arrays used for volumetric imaging is too thick to detect variations in samples in 3D in some tumors (26, 51) . Collectively, these studies support the use of 3D US as a solution to sampling errors in relevant cancer sites, and as a mean to ultimately improve correlations to treatment response. Selecting the same tumor plane on a patient-by-patient basis over time during longitudinal imaging applications (i.e. treatment monitoring) is difficult especially as tumor progress or vascular networks are remodeled due to treatment, thus potentiating erroneous results due to sampling errors. In contrast, selecting the whole tumor is more feasible at each scan session when carried out with a volumetric imaging system. This relieves radiologists/sonographers from having to find the same imaging plane as long as the whole of the tumor volume can be captured on each day during longitudinal imaging. In addition, volumetric imaging enables capture of multiple planes simultaneously, omitting the need for multiple bolus injections when multiple planes need to be imaged, or transducer repositioning to capture multiple disruption-replenishment events, thus significantly reducing scan time.
A recent study demonstrated the feasibility and repeatability of 3D DCE-US to monitor acute treatment response in a pre-clinical colon cancer model treated with Bevacizumab (17, 19) . Results noted good to excellent 3D DCE-US parameter repeatability (intra-class correlation coefficient of 0.73-0.86) using a Philips iU22 system coupled to an X6-1 transducer. High 2D intra-volume plane-to-plane variability was also reported leading to over and under-estimation of treatment effects of up to 125-fold to 170-fold in comparison to 3D DCE US imaging. Furthermore, another study recently demonstrated that 3D DCE-US could differentiate between early (within 24 hours) responders and non-responders in a pre-clinical model of colorectal cancer, with significant decreases in bolus-based perfusion parameters of up to 50% within 24 hours (22) .
In the current study, we have translated these experiments to a pilot clinical trial in patients with liver metastases. An X6-1 transducer was used along with the latest generation clinical US imaging system (EPIQ7). The use of matrix transducers in clinical contrast-enhanced ultrasound to examine volumes of perfusion have been carried-out to date for non-dynamic analysis, and have been mainly restricted to qualitative observations or morphological measurements of regions with different perfusion characteristics based on static images from an acquisition sequence (32) (33) (34) (35) . Our study is the first to examine quantified perfusion parameters from in-human 3D DCE-US data sets extracted from established fitting models, using two different acquisition techniques that yield different parameters related to blood flow or blood volume. . Box-and-whisker plots of disruption-replenishment and bolus DCE-US parameters from multiple intra-volume 2D measurements demonstrate spatial perfusion heterogeneity for all scan sessions. Four intra-volume 2D ROI were segmented from volumetric data sets and logarithmically transformed perfusion parameters (rBV, rBF, PE, AUC, TP, and MTT) were plotted for each scan session individually. Each box in the plot represents the 25th and 75th quartiles, the line inside each box identifies the median, and the whiskers indicate the 5th and 95th percentile of perfusion parameter measurements.
We tested for repeatability of 3D-extracted DCE-US parameters between measurement occasions in pairs of repeated acquisition within a reader, and between readers within measurement occasions, from both the disruption-replenishment and bolus DCE-US data sets, and found most to be excellent, with the exception of the bolus TP and MTT parameters. The rBV parameter was the most repeatable between acquisition pairs, closely followed by the rBF parameter, suggesting that the disruption-replenishment method may be a more robust imaging approach. In general, bolus DCE-US parameters are considered to be semi-quantitative because of the lack of an input function (44) , and can be susceptible to microbubble handling, needle size and the injection rate (52, 53) . In order to minimize quantitative errors in bolus DCE-US imaging in our study, an injection pump was used in all patients to ensure the same contrast agent injection rate (54) .
We also investigated the variability of 2D parameters by selecting four 2D ROIs per tumor volume. This was performed to determine the extent of quantitative errors if mismatched planes were selected in longitudinal imaging applications. Overall, high variability (COV of up to 54% for some parameters) of quantitative perfusion parameters was observed over intra-volume ROIs, confirming that tumor perfusion is highly heterogeneous. Finally, we also investigated the extent of possible error if mismatched 2D planes were selected in repeated pairs of imaging and found large 95% discrepancy intervals, reinforcing the notion that if mismatched planes were selected in longitudinal imaging applications, that quantitative parameters would be at high risk of sampling errors due to high perfusion heterogeneity of tumors. In addition, the use of disruption-replenishment acquisitions allows imaging multiple volumes in 3D by relocating the transducer for multiple disruption events during the course of infusion, thus enabling imaging several metastatic lesions for a more complete characterization of treatment response.
In this study, the disruption-replenishment parameters were found to be highly repeatable (CCC > 0.95 between acquisition pairs within a reader), while only two of the bolus parameters related to blood volume were highly repeatable (CCC > 0.80 between acquisition pairs within a reader). These same disruption-replenishment and bolus parameters were also found to be repeatable when measured with different readers. The TP and MTT bolus parameters had a CCC < 0.8 between acquisition pairs and between readers. We also observed that the repeatable parameters (rBV, rBF, PE and AUC) were the most sensitive to tumor perfusion heterogeneities, resulting in the largest COV. Bolus imaging is generally considered to be semi-quantitative due to the lack of an input function, and can be significantly affected by the injection rate if performed manually by a hand injection. Here, we used a syringe pump to control the injection rate of the bolus and reduce potential errors. While good CCCs were noted for the PE and AUC, further optimization of injection parameters (dosing and injection rate) may be needed to improve the repeatability of the TP and MTT parameter. In contrast, disruption-replenishment parameters are considered to be more quantitative than bolus parameters due to the availability of an input-function (negative bolus). In fact, these have been demonstrated to correlate substantially with histological assessment of tumor vasculature density in a prior preclinical study (42) . In the same study, bolus parameters were minimally correlated to vascular densities. Overall, while bolus imaging may be simpler to perform in the clinic, disruption-replenishment imaging holds several major advantages which include: the ability to image several lesions or planes (in 2D) by moving the transducer to acquire multiple disruption events; the replenishment events needed for analysis are shorter and, thus, can often be acquired in full while the patient is holding his breath; and disruption-replenishment events are more quantitative and better correlated to tissue histology. Figure 6 . Bar charts of percent differences between central 2D plane and corresponding 3D VOI for disruption-replenishment and bolus DCE-US demonstrating the extent of mismatch between measurements made in 2D, and those made in 3D. Bars exhibit the percent difference of the designated perfusion parameter for each individual scan session. Overall, graphs suggest a large percent difference between conventional 2D and a 3D DCE-US perfusion parameter, prompting potential over-estimated or under-estimation of quantitative DCE-US parameters when measurements are made in 2D.
We acknowledge the following limitations of our study. First, the current frame rate in 3D contrast-mode is substantially lower than in 2D contrast-mode. This can, in certain cases, affect the performance of fitting models used to obtain quantitative information, and tempers with one of the foremost advantages of US over other imaging modalities; its temporal resolution. This not only affects quantitative characterization of complex vascular networks, but it also affects the resolution at which temporal parameters such as the TP or MTT are being measured, thus potentially affecting their quality and repeatability. Although the frame rate is still good in comparison to most current DCE-MRI and DCE-CT methods, hemodynamic quantification would be superior if manufacturers improved on temporal resolution in 3D contrast-mode to match that of 2D contrast-mode. Nonetheless, this is currently limited by existing beamforming technology as well as the rate of data transfer from the transducer to the ultrasound system, and thus remains a trade-off between dimensions of the volume imaged (width, depth, beam angle) and spatial resolution against temporal resolution. Second, while motion correction of 3D B-mode would likely yield superior results than correcting motion in 2D as currently done on most commercial US analysis packages where out-of-plane motion is a limitation, the current EPIQ7 system does not permit acquisition of B-mode images in parallel (i.e. side-by-side) to volumetric contrast-mode data. This is a major challenge to applying motion correction as dynamic contrast images change significantly frame-to-frame, thus making it difficult for currently available US motion correction algorithms to identify features for registration over time. Unless the manufacturer is able to engineer a solution (i.e., by providing B-mode images simultaneously to contrast images), then new algorithms would need to be developed that would account for significant changes in images from frame-to-frame in contrast mode. In this study, we attempted to minimize motion artifacts by asking patients to hold their breath for up to 30 seconds when possible immediately after bolus injection or with a disruption event. Third, the sensitivity of DCE-US parameters to differing vascular networks, hemodynamics and/or subtle changes in vascular architecture (i.e., remodeling/normalization) has yet to be assessed. Understanding this could open the door to imaging a broader range of vascular targeting therapeutic strategies or detecting subtle responses in patients earlier (within hours/days) as some treatments have been reported to act rapidly (within hours) (55, 56) . Fourth, while tracer models have already been developed to extract perfusion and vascular architecture information in 2D DCE-US techniques, which can be used to characterize lesions for predicting treatment response (37), these will require proper translation to 3D data sets and validation before they can be used for full clinical applications. Thus, the models used to quantify 3D DCE-US in this study, which were originally developed for 2D DCE-US, may result in quantification errors given differences between the beam shape, slice thickness and image volume between the two methods. Fifth, while the footprint of the X6-1 transducer is comparable to a typically used liver imaging transducer such as the C5-2 (Philips Healthcare, Andover, MA; 60mm x 14mm footprint), the beam forming and slice thickness are very different on both of these transducers. Perfusion modeling in 2D is affected by the slice thickness (57); current analysis of 2D ROI extracted from the VOI could inherently be losing information due to unconventionally low frame rates obtained using a matrix transducer. Thus, future studies should directly compare quantified perfusion parameters from both transducers obtained independently, with the aim of developing adequate 3D models. Sixth, in this work, we have evaluated the repeatability within a scan session using identical conditions for repeated pairs of acquisitions. Future work should aim to also evaluate the reproducibility of measurements under altered conditions of normal use (58) . Finally, while our study size was powered appropriate for this first proof of principle investigation, additional studies with a greater number of patients are warranted to assess whether 3D imaging is advantageous over 2D imaging for monitoring early treatment effects in patients.
In summary, our results suggest that 3D DCE-US is feasible and highly repeatable for six out of seven assessed perfusion parameters in patients with liver metastases, yielding quantitative values that approximate volumetric perfusion and minimize sampling errors caused by heterogeneous tumor perfusion. Compared to 2D imaging, volumetric imaging eliminates the need of finding the same original scan plane longitudinally, because whole tumor volumes, as opposed to a single plane within the lesion volume are captured. This has the potential to minimize quantitative inaccuracies arising from sampling errors.
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